Tolerance to fusarium wilt and anthracnose and the changes in antioxidative abilities in mycorrhizal strawberry plants were investigated. Strawberry (Fragaria × ananassa Duch., 'Nohime') runner plants were inoculated with arbuscular mycorrhizal fungus (Glomus mosseae, AMF) and treated with a split root system. Ten weeks after AMF inoculation, Fusarium oxysporum f. sp. fragariae and Colletotrichum gloeosporioides were inoculated. Mycorrhizal plants accumulated a higher dry weight of shoots and roots than non-mycorrhizal plants 10 weeks after AMF inoculation. Four weeks after pathogen inoculation, disease incidence and severity of symptoms were eased in shoots and roots of mycorrhizal plants, especially with fusarium wilt; induced tolerance also appeared in split root-treated mycorrhizal plants. No major difference in antioxidative abilities took place before pathogen inoculation among plots; however, 4 weeks after pathogen inoculation, mycorrhizal plants showed higher values in the following items; SOD activity, DPPH radical scavenging activity, total polyphenol content, ascorbic acid content, effects differed with plant parts. From these findings, plant growth enhancement and tolerance to fusarium wilt, including induced tolerance, and anthracnose occurred in mycorrhizal strawberry plants. In this case, antioxidative abilities increased under pathogen-stressed conditions, so that disease tolerance might be associated with the increase in such antioxidative factors.
Introduction
In strawberry cultivation, fusarium wilt and anthracnose are serious diseases in the major strawberryproducing regions in Japan, and have caused great losses in nurseries and during fruit production (Mori and Kitamura, 2003; Okayama, 1993) . Recently, capillary watering as a cultural control method of these diseases has been introduced to strawberry cultivation, but the diseases are still difficult to control (Akita, 2001; Okayama, 1993) . As for biological control of fusarium disease, non-pathogenic isolates of Fusarium oxysporum have been used for control in many vegetables, including strawberry (Tezuka and Makino, 1991) , however, the method is insufficient and has no growth-promoting effect.
Arbuscular mycorrhizal (AM) fungus has the effect of promoting host plant growth mainly by enhancing phosphorus uptake through symbiosis (Marschner and Dell, 1994) . Previously, we found tolerance to fusarium wilt and anthracnose in mycorrhizal strawberry plants (Li et al., 2006; Matsubara et al., 2004) ; however, many points remain unclear about the mechanisms of disease tolerance in mycorrhizal plants. On the other hand, promotion of active oxygen synthesis in plants occurs under environmental stresses, such as temperature, drought and plant disease, and the antioxidative abilities relate with the resolution (Feierabend et al., 1992; Fridovich, 1986; Gulen and Eris, 2003; Jahnke et al., 1991; Kang and Saltveit, 2002; Li et al., 2004; Moghaddam et al., 2006; Sahoo et al., 2007) . As for mycorrhizal plants, disease tolerance and an increase in superoxide dismutase (SOD) activity occurred in tomato (Pozo et al., 2002) and pepper (Garmendia et al., 2006) , and drought tolerance and SOD increase appeared in lettuce (Lozano et al., 1996) . In addition, Li et al. (2008) demonstrated that tolerance to high temperature stress and an increase in antioxidative enzymes occurred in mycorrhizal strawberry plants; however, remains unclear the relationship between antioxidative abilities and disease tolerance in mycorrhizal strawberry plants.
In this study, the influence of AMF colonization on tolerance to fusarium wilt and anthracnose, and antioxidative abilities in strawberry plants were investigated.
Materials and Methods

Inoculation of AM fungus
Strawberry (Fragaria × ananassa Duch., 'Nohime') runner plants were treated with the split root system method. The plant root system was halved and each was placed in a different pot (10.5 cm in diameter) with bedding soil (autoclaved at 1.2 kg·cm −2 and 121°C for 1 h), and inoculated with Glomus mosseae (supplied by Idemitsukosan Co., Ltd., Tokyo, Japan), according to Matsubara et al. (2004) . The split root system was not employed for the anthracnose experiment. Two weeks after AM fungus inoculation, the inoculated plants (AM plants) and non-inoculated control plants (NAM plants) were administered mixed fertilizer (N : P : K = 13 : 11 : 13, 1 g per pot). Forty plants per plot with no replication were irrigated by the capillary watering method as usual and grown in a greenhouse.
Inoculation with Fusarium oxysporum f. sp. fragariae and Colletotrichum gloeosporioides Fusarium oxysporum f. sp. fragariae (Fof: strain 2S) and Colletotrichum gloeosporioides (Cg: strain Cg1) were grown on potato-dextrose agar media. The conidia were harvested in potato-sucrose liquid media and incubated at 25°C in the dark for 7 days. Conidial suspensions of Fof and Cg were sieved (45 μm), and their concentrations were adjusted to 10 6 and 10 5 conidia/mL, respectively. Ten weeks after AM fungal inoculation, split roots of each plant were inoculated with 10 mL Fof conidial suspension in Fof inoculation plots and the shoots were sprayed with 10 mL Cg suspension in Cg plots. The inoculated plants were covered with plastic film to maintain humid conditions for the first week in Cg plots. Plants were grown in a growth chamber by capillary watering at 28 ± 3°C, 60 ± 5% relative humidity under natural light and photoperiod.
Evaluation of symptoms of fusarium wilt and anthracnose Four weeks after Fof and Cg inoculation, the symptoms of fusarium wilt and anthracnose were categorized into six degrees: no symptoms; percentage of diseased petioles in a plant: less than 20%, 20-40%, 40-60%, 60-80%, 80-100%.
Evaluation of AM fungal colonization level
Roots of AM plants were harvested 10 weeks after AM fungal inoculation and 4 weeks after Fof and Cg inoculation. Root samples were stained according to Phillips and Hayman (1970) and the rate of AMF colonization in 1-cm segments of lateral roots (RFCSL) was calculated. Hence, RFCSL expresses the percentage of 1-cm AM fungus-colonized segments to the total 1-cm segments of all lateral roots; the number of total segments was approx. 50 per plant. Average colonization was calculated from the values of three plants.
Determination of antioxidative abilities
Ten weeks after AMF inoculation (just before Fof and Cg inoculation) and 4 weeks after Fof and Cg inoculation, plants were sampled and partitioned into petioles, crowns and main roots characterized by no colonization and frozen in liquid nitrogen. Analyses of SOD activity, DPPH radical scavenging activity, polyphenol content, and ascorbic acid content were carried out according to the methods of Beauchamp and Fridovich (1971) , Suda (2000) , Tsushida (2000) , and Suzuki (2000), respectively.
Results and Discussion
AM plants had higher dry weight of shoots and roots than NAM plants in most plots before and after Fof or Cg inoculation (Fig. 1) , suggesting a growth-promoting effect in mycorrhizal strawberry plants. AMF colonization levels reached more than 40% in all plots, and no difference occurred before and after Fof or Cg inoculation (Fig. 2) . Incidence of fusarium wilt in shoots reached 80% in NAM plants, but was lower in AM plants, 40% and the severity of symptoms also decreased in AM plants (Fig. 3) . In addition, the severity of symptoms in roots became lower in AM plants (AMF+ and AMF−) than in NAM plants, thus, AMF roots showed disease tolerance. From these findings, tolerance to fusarium wilt and induced tolerance were recognized in mycorrhizal strawberry plants. Pozo et al. (2002) reported that in tomato plants with a split root system, tolerance to Phytophthora parasitica appeared in both non-AMF-inoculated roots and -inoculated roots in AM plants, so that induced tolerance was recognized. Our results agreed with these findings. As for anthracnose, Bailey et al. (1992) reported that Colletotrichum species attack all parts of the plants, including the crown and root, and thereby cause anthracnose as well as rotting crowns and roots. In this experiment, all parts of strawberry plants inoculated with Colletotrichum were damaged; however, the severity of symptoms in shoots and roots eased in AM plants (Fig. 4) . From our results, tolerance to both fusarium wilt and anthracnose was recognized in mycorrhizal strawberry plants.
In this study, before Fof and Cg inoculation, AM plants showed no increase in SOD activity compared with NAM plants in most plots, while after pathogen inoculation, SOD activity became higher in most parts of AM plants than in NAM plants (Fig. 5) . In this case, no increase in SOD activity occurred in AMF roots of Fof plots. DPPH radical-scavenging activity showed no difference among plots before Fof or Cg inoculation, except for the main roots of Cg plots, and became higher after pathogen inoculation in AM plants of the crown (Fof+ and Cg+) and petiole (Cg+). Polyphenol content was higher in the petiole (Cg+), crown (Fof− and +) and main roots (Cg−) of AM plants. Ascorbic acid content showed no increase in AM plants compared with NAM plants before Fof or Cg inoculations, except for the main roots of Cg plots; however, AM plants became higher levels of ascorbic acid content in the petiole (Cg+), crown (Fof+ and Cg+), and main roots (Fof+); AMF roots also had higher value than the NAM plot. From our findings, the changes in antioxidative abilities in mycorrhizal plants varied depending on plant parts and before and after inoculation of each pathogen.
SOD play a primary role in defensive reactions and detoxify superoxide (O 2 − ) among the antioxidative enzymes; thus, SOD activity is considered the most important key enzyme in antioxidative abilities in plants (Fridovich, 1986) . Garmendia et al. (2006) reported that tolerance to Verticillium dahliae and an increase in SOD activity occurred in mycorrhizal pepper plants. Moghaddam et al. (2006) mentioned that SOD activity was higher in a resistant strawberry cultivar than susceptible cultivars with Mycosphaerella fragariae infection. Our results showed similar patterns to these findings as the increase in SOD activity related to disease tolerance, so that antioxidative enzyme activity might be closely related with disease tolerance in mycorrhizal strawberry plants. On the other hand, Pozo et al. (2002) demonstrated that tolerance to Phytophthora parasitica appeared in mycorrhizal tomato plants and SOD activity increased in both non-AMF inoculated and AMFinoculated roots in the split root system. In this study, non-AMF-inoculated roots showed disease tolerance; however, no increase in SOD activity occurred in AMFroots. In addition, no major difference in the investigated antioxidative factors appeared in AMF roots in this experiment, suggesting that antioxidative abilities might be less associated with induced tolerance in mycorrhizal strawberry plants. Further detailed investigation would be needed to clarify the relationship between induced tolerance and antioxidative abilities in mycorrhizal plants.
In the present study, AM fungal symbiosis promoted the growth of strawberry plants, and both the incidence and severity of symptoms of fusarium wilt and anthracnose were reduced by pre-infection with AM fungi. Ozgonen and Erkilic (2007) reported that growth promotion and tolerance to Phytophthora capsici had no correlation with the mycorrhizal colonization level in peppers. Lozano et al. (1996) reported that the increase in SOD activity and drought tolerance showed no correlation with the mycorrhizal colonization level in lettuce. In our study, no major characteristics between the colonization level and antioxidative abilities were observed. Thus, the colonization level might have less association with stress tolerance and antioxidative abilities.
On the other hand, some reports described that mycorrhizal colonization itself induced a temporary increase in antioxidative enzymes (APX, CAT), H 2 O 2 , and flavonoid content, suggesting that colonization might be a temporary stress for host plants (Blilou et al., 2000; Salzer et al., 1999; Volpin et al., 1995) . In this study, no characteristics concerning colonization were found in the changes in antioxidative abilities; however, most antioxidative factors became higher in mycorrhizal plants after rather than before pathogen inoculation. Li et al. (2008) reported that tolerance to high temperature stress and the increase in activities of SOD and APX under stress conditions occurred in strawberry ('Nohime') plants inoculated with Glomus mosseae, although antioxidative enzyme activities differed little between AM and NAM plants before high temperature stress. Hence, the increase in antioxidative ability might be induced especially under stress conditions in mycorrhizal strawberry plants, resulting in the tolerance to fusarium wilt and anthracnose in this study. 
